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Abstract: The strain ageing and recrystallisation behaviour of conventional low carbon A06 steel was 
compared with those containing varying amounts of chromium (0.26, 0.52 and 0.74 wt.%). The results 
show that the A06 steel undergoes four stages of strain ageing: (i) the pinning by solute atoms of 
dislocations generated during pre-strain, (ii) the generation of fresh dislocations from grain 
boundaries, (iii) the onset of precipitation and, (iv) the inhibition of dislocation generation from grain 
boundaries due to pinning by carbon segregation. On the other hand, the chromium containing steels 
only exhibit the first three stages of strain ageing. An approximately twofold reduction in the rate of 
strain ageing was observed in the 0.74Cr steel as compared to the A06 steel. The above is directly 
attributed to the reduction of carbon concentration in ferrite due to the enrichment of iron carbides by 
chromium and to the formation of alloy carbides which slows their dissolution upon coiling. The 
addition of chromium significantly delays the recrystallisation process and affects the morphology of 
the recrystallised grains by resulting in larger aspect ratios than A06 steel.  
 
 
1. INTRODUCTION  
Continuously annealed and hot dip coated steel strip typically contains 30-40 wt. ppm carbon in 
solid solution [1]. However, the presence of even small amounts (>1 wt. ppm) of interstitial solute 
atoms such as carbon and/or nitrogen in annealed steels could lead to strain ageing [2, 3]. Furthermore, 
quench ageing processes could also take place during the prolonged storage of cold rolled steel sheets 
at room temperature. Ageing is associated with the diffusion of solute atoms to dislocations to form 
Cottrell atmospheres [4] or even fine iron carbides which severely restricts or in some cases, prevents 
the movement of dislocations during subsequent forming operations. The outcome of ageing is an 
increase in the yield strength, a reduction in elongation and stretcher-strain marks on the sheet surface 
which degrade the appearance and quality of the end product [2, 3, 5, 6]. 
An approach that combats the above deleterious effects of ageing is the removal of the interstitial 
solute from the solid solution. This idea has led to the development of interstitial-free (IF) steels in 
which carbon and nitrogen are combined with Ti, Nb or V to form stable precipitates [5, 7]. However, 
the production cost of IF steels are much higher than that of low carbon steels due to the expensive 
microalloying additions and the need for vacuum degassing during primary steelmaking. 
On the other hand, one of the more economical alternative approaches that have been recently 
proposed involves the delaying or minimising of strain ageing effects through the removal of carbon 
from solid solution via the addition of less expensive but strong carbide-forming elements such as Mo, 
Cr and B [8-11]. However, when the composition of a steel is modified, the consequences of such 
alloy changes on subsequent downstream processing stages should also be considered. Thus, in this 
work we evaluate the effect of an additional 0.26, 0.52 and 0.74 wt.% Cr on the strain ageing and 
recrystallisation behaviour of a low carbon A06 base steel. 
 
2. EXPERIMENTAL PROCEDURE 
Laboratory produced low carbon A06 steel alloyed with 0.26, 0.52 and 0.74 wt.% Cr was used in 
this study. The compositions of the experimental steels are given in Table 1. 
 
 
Table 1: The chemical composition of the laboratory produced steels in wt. %. 
Steel C N Mn Al S P Si Ni Cr Cu Mo 
A06   0.065 0.0025 0.20 0.040 0.0080 0.0080 0.002 0.020 0.02 0.020 - 
0.26Cr 0.064 0.0025 0.20 0.060 0.0050 0.0060 0.024 0.010 0.26 0.009 0.020 
0.52Cr 0.064 0.0026 0.22 0.044 0.0040 0.0040 0.026 0.020 0.52 0.008 0.004 
0.74Cr 0.064 0.0028 0.21 0.047 0.0045 0.0050 0.024 0.015 0.74 0.007 0.002 
 
 
The steels were hot rolled in two passes of 40% thickness reduction each using a laboratory mill 
at Deakin University. Upon exiting the rolls after the second hot rolling pass (at ~900 °C), the plates 
were water sprayed. Coiling simulation was undertaken by placing the hot rolled plates on to a 
fluidised bed at 660 °C. Thereafter, the plates were cold rolled to 82% thickness reduction in 12 passes 
following which a rapid annealing simulation was undertaken at 705 °C. Further processing details are 
given in [11].  
In order to quantify the ageing behaviour, 25×10 mm2 gage dimension flat tensile samples were 
machined from the cold rolled sheet and pre-strained to 12% (a strain level which is well beyond 
Lüders strain). Artificial ageing was carried out at 94 °C for time periods varying between 5 s and 24 
hrs. It is noted that artificial ageing at 94 °C for 1 minute roughly corresponds to 1 day of ageing at 
ambient temperature. 
In order to investigate the recrystallisation behaviour of these steels, small samples (20×10×0.5 
mm3) were cut from the cold rolled strip and heat treated using a metal bath (a cylindrical alumina 
crucible filled with Al-Si eutectic) positioned inside a vertical tube furnace. The wire-suspended 
samples were isothermally annealed at 565, 591, 630 and 670 °C and then water quenched. 
All tensile testing was undertaken on a screw-driven Instron 4505 equipped with a 5 kN load cell 
and a 25 mm clip-on extensometer. In the case of the artificial ageing study, a minimum of 3 tensile 
samples were tested for each ageing time. 
A combination of optical, transmission electron microscopy (TEM), atom probe tomography and 
electron back-scattering diffraction (EBSD) was used to characterise the evolution of the 
microstructure and the various precipitates. A 200 kV Philips CM20 TEM equipped with an Oxford 
Microanalysis Group Model 6767 energy dispersive X-ray spectrometer was used to analyse the ø3 
mm thin foils that had been previously prepared by electropolishing in a twin-jet Struers Tenupol-5 
using a solution of 5% perchloric acid in methanol at -30 °C. Selected samples were analysed using 
three dimensional atom probe field ion microscopy (APFIM) Kindbrisk EcoPoSAP. The maximum 
separation method [12] was used to identify clusters within the matrix such that the maximum distance 
between atoms belonging to the cluster was defined as 1 nm. Selected partially recrystallised samples 
were examined using a JEOL 7001F field emission gun - scanning electron microscope operating at 
15kV, 5 nA and equipped with an Oxford Instruments Nordlys-II camera and the Corona Fast 
Acquisition EBSD system. The methodology for EBSD data analysis is detailed in [13, 14]. 
 
 
3. RESULTS AND DISCUSSION 
3.1. Ageing behaviour 
Representative stress-strain curves for the A06 and 0.74Cr steels are shown in Fig. 1. With 
increasing ageing time, the strength of all the steels increases, the total elongation decreases and the 
yield point phenomenon becomes more pronounced. While Cr addition slightly affects the strength of 
the steels, the rate of reduction in the total elongation is more pronounced with increasing Cr content. 
When yield point extension (YPE), work hardening exponent (n), total elongation (TE) and Kock’s 
intercept [11,15] are plotted against time (Figs. 2(a-d)), the stages in ageing behavior are easily 
identified based on the abrupt changes in the slopes. The plateau in the YPE marks the end of Stage I 
(Fig. 2(a)); whereas the end of Stage II is marked by a minimum in the work hardening exponent (Fig. 
2(b)) and by an arrest in the rapid fall of TE (Fig. 2(c)). The end of Stage III is defined by the 
secondary rise of the YPE and by a plateau in the recovery of the work hardening exponent. During 
ageing, all four stages were identified for A06 steel but only three stages were observed for the Cr-
containing steels. The correspondence of the ageing stages as a function of time for all steels is shown 
in Fig. 2(e). If to take the return of 3% YPE as a measure of ageing, it could be seen from Fig. 2 (f) 
that addition of Cr has a significant effect. Whereas addition of 0.26Cr has 32% increase in time 
required for 3% YPE reappear, additions of 0.52 and 0.74Cr result in 50% increase in this time 
compared to the A06 steel.  
 
a  b  
 
Fig. 1: Representative stress-strain curves of A06 (a) and 0.74Cr (b) steels after different ageing times. 
 
The above division of the ageing behaviour into various stages is caused by two events: (i) a 
change in the stress required to produce mobile dislocations and, (ii) the onset of precipitation. During 
Stage I, the diffusion of atoms takes place resulting in the formation of clusters and carbon 
atmospheres at fresh dislocations from pre-straining. Atom probe investigation provides evidence of 
both (Fig. 3). The calculations from atom probe data showed an average of 7 carbon ions per {110} 
atomic plane threaded by a dislocation. This value is enough to pin the dislocation core as it is above 
the 1.5-3 atoms per plane predicted from the Cottrell-Bilby model and smaller than the saturation 
values of 12-14 atoms per plane [2, 16, 17]. 
When the dislocations are locked by Cottrell atmospheres, it becomes easier to generate new 
dislocations from other sources (such as grain boundaries) than to unpin the pre-existing dislocations. 
The end of Stage II and start of Stage III coincide with the onset of precipitation. The latter 
phenomenon increases the work hardening rate; as evidenced by the rise in the work hardening 
exponent together with the change in the Kock’s intercept (Figs. 2(b) and 2(d)). TEM confirmed the 
presence of very fine Cr carbides in the microstructure of 0.74Cr steel at this stage of ageing (Fig. 4).  
With increasing ageing time, these precipitates are found to become coarser (Fig. 4(b)). While 
Stage IV is observed only in A06 steel, the stage is associated with the inhibition of new dislocation 
generation from grain boundaries due to the formation of carbon segregation at the dislocations [11]. 
Here it should be noted that the carbon segregation at grain boundary dislocations is a slower process 
than that for intragranular statistically-stored dislocations. 
The detailed analysis of the effect of Cr addition in delaying the start of ageing compared to 
unalloyed steel was undertaken in [11]. It was shown that the addition of Cr increases the diffusion 
activation enthalpy and thereby increases the ageing time. Consequently, the above will also affect the 
dissolution and precipitation rates of cementite during annealing. However, the dissolution rates will 
be different for iron cementite and cementite enriched with Cr. A summary of TEM analysis of 
cementite particles in Cr-alloyed steels is given in Fig. 4(c). At the same time, the theoretical 
predictions calculated from the product of enrichment ratio (Eq. 1) and the overall alloying 
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where, d is carbide diameter, n = 3 as the carbides possess a  spherical morphology, x is the assumed  
thickness layer surrounding a cementite particle from which all Cr atoms present will diffuse into the 
cementite phase. This holds for all cases where interparticle distance is larger than 2x.  
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Fig. 2: The evolution of the yield point extension (YPE) (a), work hardening exponent (n) (b), total 
elongation (TE) (c) and Kock’s intercept (d) with ageing time at 94 oC for 0.26Cr steel. The effect of alloying on 
the period of occurrence of the various ageing stages (e). The evolution of the YPE with ageing time for all 
studied steels (f). 
 
It is clear that an enrichment of iron carbides (up to 9%) with increasing Cr addition takes place. 
This serves to slow down their dissolution on coiling and by this, reduces the concentration of carbon 
in solid solution available for ageing. The calculated matrix concentrations of the alloyed grades show 
that Cr reduces the solute carbon content by up to 32% and 50% for 0.26Cr and for both, 0.52 and 
0.74Cr steels, respectively [11]. This leads to the slower rate of ageing by a factor of approximately 
two in the Cr alloyed steels; which could prolong storage time of these steels. 
 
3.2. Recrystallisation behaviour 
The variation in softening as a function of isothermal annealing temperature is shown for the A06 
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Fig. 3: Atom maps showing atmospheres of C atoms at dislocations from two perpendicular directions 
(a) and Cr-C and Cr clusters (b) during Stage I ageing. All other atoms are hidden for clarity. 
 
 




Fig. 4: Bright field TEM images of 0.74Cr steel after ageing at 94oC for 294s (a) and 1800s (b). Inset in (a) zone 
axis C]202//[]111[  , in (b) C]202//[]111[  , where c denotes Cr23C6 and  denotes ferrite (from [18]). The 
measured and the predicted alloy enrichment of carbides in the as-hot rolled and coiled steels (c). 
 
recrystallisation process. Based on the hardness measurements, the softening kinetics for the studied 
steels during annealing at 591 °C were determined (Fig. 5(b)). While all Cr containing steels exhibit a 
prolonged stage of recovery, the A06 steel shows the conventional three stages of softening involving 
a short period of recovery followed by distinct stages of recrystallisation and grain growth. The 







        (2) 
where, H, Ht and H0 are the hardnesses after cold rolling (~245 VHN), at time t and, of the fully 
annealed sample (~110 VHN), respectively. The kinetics of recrystallisation is typically represented in 
mathematical form by the JMAK equation: 
 
1 exp[ ( ) ]nX Kt           (3) 
where, K and n are temperature dependent constant and JMAK exponent, respectively. While the 
JMAK curves are shown as solid lines in Fig. 5(c), the K and n values are plotted as a function of time 
in Fig. 5(d). 
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Fig. 5: Hardness vs annealing time for A06 steel (a) and for all studied steels at 591°C (b), fractioned softened vs 
annealing time for annealing at 591°C (c) and variation in K and n with annealing temperature (d). 
 
For all Cr alloyed steels, a delay in the start of the recrystallisation was observed in comparison to 
the non-alloyed A06 steel (Figs. 5(c) and 5(d)). The exponent n tends to reflect the rate of nucleation 
and/or the growth morphology (1  n  2 corresponds to one-dimensional growth). However Fig. 5(d) 
shows that while the n values do not change with temperature for the 0.26Cr and 0.52Cr steels, slightly 
opposite trends are noted for the A06 and 0.74Cr steels at higher annealing temperatures (670 °C and 
630 °C). A large variation in the kinetics parameter (K) is noted at higher annealing temperatures in 
the case of non-alloyed A06 steel compared to the Cr-alloyed steels. This could be associated with the 
additional solute drag effect and the pinning of moving boundaries by fine precipitates in Cr steels. 
Alternatively, at low recrystallisation temperatures (such as 565 °C), the kinetics parameter is 
approximately the same for all the steels.  
In all Cr alloyed steels, the higher the annealing temperature, the longer the time needed to 
complete the recrystallisation process. The above is also supported by EBSD data (Fig. 6). ~70% 
recrystallisation occurs in A06 after annealing at 630°C for 10 s whereas after annealing for 60 s at the 
same temperature, only 60% recrystallisation is achieved in the case of the 0.74Cr steel.  
When the EBSD map is subdivided into deformed, recovered, nuclei and grown recrystallised grain 
fractions (Fig. 7), it is clear that the newly nucleated recrystallised grains in both A06 and 0.74Cr steel 
are equiaxed. In both, A06 and the Cr alloyed steels, the newly nucleated grains tend to preferentially 
proliferate at carbides and at grain boundaries (Figs. 7(c) and 7(g)); which correlates well with their 
small n values. However, during the growth period, the aspect ratio changes in the 0.74Cr steel to 
values above 2 (Figs. 6(c), 6(f), 7(d) and 7(h)). To serve as a further example, Fig. 8 shows optical 
micrographs of microstructure development during annealing at 670°C in 0.52Cr steel. The growth of 
the recrystallised grains is restricted in the transverse direction due to the presence of carbide stringers 
in the microstructure which are aligned in the cold rolling direction. The elongated shape of the fully 















Fig. 6: Partially recrystallised microstructures in (a-c) A06 and (d-f) 0.74Cr steels after (a) 3, (b) 5, (c), 10, (d) 
16, (e) 40 and (f) 60s isothermal annealing at 630°C. TD view, RD = horizontal. 
 
At low annealing temperature, more fine carbides remain undissolved which are effective in 
pinning the grain boundaries or inhibiting their mobility [19]. This why the directionality in the growth 
of grains in Cr alloyed steels becomes more pronounced the lower the recrystallisation temperature. 
This effect continues at higher annealing temperatures as Cr carbides are more stable than iron 
carbides. 
In order to explain the differences in the recrystallisation kinetics of the studied steels, the methods 
of Vandermeer and Jensen [20, 21] were applied to the analysis of the microstructures as follows: 
 
)log(.))1ln(log( tCREX eBAV
     (4) 
where, VREX is the volume fraction recrystallised and A, B and C are the parameters that give the best 
fit. Using the Cahn-Hagel relationship (Eq. 5), the average interface migration speeds were determined 
over the range 0.1 < VREX < 0.9, as outside this range the statistical errors in determining S becomes 
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Fig. 7: The subdivision of the EBSD maps shown in Figs. 8(b) and 8(e) into deformed (a, e), recovered (b, f), 
newly nucleated (c, g) and growing grain (d, h) fractions of the maps for A06 (a-d) and 0.74Cr (e-h) steels, 




Fig. 8: The evolution of recrystallisation in 0.52Cr steel at 670°C. TD view, RD = vertical. 
 
where, S is the interfacial area between the recrystallised and non-recrystallised portions  within the 
material and v  is the average speed of the interface. S was determined from optical micrographs using 
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where, L is the test line length and n is the number of times a recrystallised/non-recrystallised 
boundary is crossed. 
The average interface migration speeds were found to decrease with the degree of recrystallisation 
by about an order of magnitude as shown in Fig. 9(a) for A06 steel. The cause was most probably 
concurrent recovery processes [22]; which reduces the stored energy in the cold rolled material and 
consequently, the driving force and speed of boundary migration. For all the steels, the boundary 
migration speed is faster the higher the temperature of recrystalisation. Interpolated for 50% 
recrystallisation, the boundary migration speeds were used to plot Arrhenius chart (Fig. 9(b)), from 
which activation energies Q2 were calculated (Table 2). As can be seen from the last column of this 
table, the maximum difference between the activation energies (ΔQ) is only 10% but in most cases it 
is much less than this. The fact that the overall reaction kinetics have the same activation energy as 
those for interface migration suggests that the recrystallisation process is in fact growth controlled; as 
opposed to nucleation controlled. A large body of experimental and theoretical work exists which 
confirms the ability of solute atoms to reduce boundary migration rates [19, 22-24] but an exact model 
which accurately predicts the phenomenon remains the object of debate in the literature. 
 
 b  
Fig. 9: The change in boundary migration speed as a function of recrystallised fraction and temperature for A06 
steel and (b) Arrhenius plot of the recrystallisation kinetics of the various grades based on mean boundary 
migration speed at 50% recrystallised. 
 
Table 2:  The activation energies and pre-exponential factors for the 
recrystallisation of the various steels. Q1 is determined from time to 50% 
recrystallisation, Q2 is determined from the interface migration speed at 50% 
recrystallisation. 
 Q1(kJ/mol) A Q2(kJ/mol) Q 
A06 357 8.88×1019 360 +0.8% 
0.26Cr 368 4.19×1019 374 +1.6% 
0.52Cr 358 1.11×1019 397 +10.9% 
0.74Cr 363 1.58×1019 382 +5.2% 
4. CONCLUSIONS 
The addition of Cr clearly slows down strain ageing by a factor of about two at the highest alloying 
level such that the shelf life of the steel is almost doubled. This is caused by a reduction in the level of 
solute carbon resulting from the chemical stabilisation of iron carbides by Cr enrichment. 
The addition of Cr significantly slows down the rate of recrystallisation in low carbon steel. The 
activation energy for the process remains unaffected but the pre-exponential factor is significantly 
reduced. Thus in order to achieve recrystallisation rates in Cr containing steels similar to low carbon 
steel, the recrystallisation temperature would have to be increased by ~50 °C. 
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